The filamentous mold Aspergillus fumigatus causes invasive aspergillosis, a potentially life-threatening infectious disease, in humans. The sidE gene encodes a bimodular peptide synthetase and was shown previously to be strongly upregulated during initiation of murine lung infection. In this study, we characterized the two adenylation domains of SidE with the ATP-[ 32 P]pyrophosphate exchange assay in vitro, which identified fumarate and L-alanine, respectively, as the preferred substrates. Using fulllength holo-SidE, fumarylalanine (FA) formation was observed in vitro. Furthermore, FA was identified in A. fumigatus culture supernatants under inducing conditions, unless sidE was genetically inactivated. As FA is structurally related to established pharmaceutical products exerting immunomodulatory activity, this work may contribute to our understanding of the virulence of A. fumigatus.
T
he fungus Aspergillus fumigatus is an opportunistic pathogen, particularly with immunocompromised patients. It represents the most common etiological agent of invasive aspergillosis, which is associated with mortality rates as high as 30% to 90% (1) . A. fumigatus small molecules, such as gliotoxin, are thought of as contributing to virulence (2) . Consequently, the secondary metabolome of this fungus has been object of intensive research, with an emphasis on nonribosomal peptide synthetases (NRPSs). These are multidomain enzymes, which include all catalytic functions to assemble complex metabolites from amino acids or other building blocks (3) . Adenylation (A) domains are integral components of NRPSs, which select and activate the monomeric substrates. The function of 8 of 14 nonribosomal peptide synthetases (NRPSs) (FtmA, GliP, HasD, PesL, PesM, Pes1, SidC, SidD) in A. fumigatus was previously clarified (4) (5) (6) (7) (8) (9) (10) . The metabolite of a ninth NRPS (Pes3) has not yet been identified but is predicted to play a structural role (11) . The A. fumigatus peptide synthetase gene sidE, which encodes a bimodular NRPS, is located in the vicinity of the genetic locus that is essential for biosynthesis of the siderophore fusarinine C. Therefore, SidE was expected to serve in siderophore production, too (12) . However, unlike that of siderophore-related genes, its expression depends on the presence of LaeA, a positive regulator of virulence factors and secondary metabolism of A. fumigatus (13, 14) . Intriguingly, sidE is upregulated 16-fold in Aspergillus germlings growing in the neutropenic murine lung and is therefore believed to play a role in virulence (15) . Here, we present genetic and biochemical evidence that SidE is unrelated to siderophore biosynthesis but has fumarylalanine (FA) synthetase activity.
MATERIALS AND METHODS

General. Tetrasodium [
32 P]pyrophosphate (59.9 Ci/mmol) was from PerkinElmer. Plasmid propagation was done in Escherichia coli XL1 blue. Transformation of A. fumigatus was carried out as described previously for A. nidulans (16) . A. fumigatus strains (see Table S1 in the supplemental material) were routinely cultured at 37°C on minimal medium containing 1% glucose as a carbon source, 20 mM glutamine as a nitrogen source, and 10 M FeSO 4 . The medium was supplemented with 1.5 mM FeSO 4 for high-iron conditions, whereas iron was omitted for iron-depleted conditions.
Inactivation of sidE. The construct to inactivate sidE was made by amplifying a 5.1-kb fragment of the A. fumigatus sidE gene by PCR using Taq polymerase and primers oAf538PS2-2 and oAf538PS2-1 (see Table S2 in the supplemental material). Conditions were as follows: 32 cycles of 95°C for 60 s, 56°C for 60 s, and 72°C for 4 min. The product was subsequently cut with BglII and ligated to the BamHI site in pBluescript-KS (Stratagene), resulting in pPS2. A 4-kb NheI-DraI fragment containing the hygromycin resistance cassette was removed from pAN7-1 (17) and inserted between the NheI and NruI sites of pPS2 to obtain pPS2hph. The 6.2-kb SmaI-SpeI fragment of pPS2hph containing the disrupted gene was purified by agarose gel electrophoresis and used for transformation after recovery from the gel. Putative mutants were selected based on their antibiotic resistance as confirmed by Southern blotting of MluI-digested genomic DNA. The sidE-specific hybridization probe was generated by amplifying a fragment of pPS2hph using a T7 universal primer and ohph2 and the PCR conditions described above, except for the shorter elongation time (2 min).
Complementation of A. fumigatus ⌬sidE. To complement A. fumigatus ⌬sidE, it was transformed with cosmid psidD-COS, which was identified previously and includes the sidE gene (9), together with plasmid pSK275 that confers pyrithiamine resistance (18) . Ectopic integration of the cosmid psidD-COS in pyrithiamine-resistant transformants was confirmed by Southern analysis.
Northern analysis. Liquid cultures (18 h old) of A. fumigatus wt and ⌬sidE strains grown at 37°C under iron-depleted, iron-replete, and highiron conditions were exposed to H 2 O 2 (2 mM) or increased temperature (48°C) and grown further for 2 h. Total RNA was isolated using TRI reagent (Sigma-Aldrich). Total RNA (10 g) was fractionated in formaldehyde-agarose gels, blotted onto Hybond N membranes, and hybridized as described by the manufacturer (Amersham Biosciences). The hybridization probes were generated by PCR using primers oSidE1 and oSidE2 (see Table S2 in the supplemental material). RNA from untreated mycelia of the wt strain grown for 24 h under iron-depleted, iron-replete, and high-iron conditions served as the control to assess the expression of sidE under these stress conditions.
Construction of gene expression plasmids. The portion encoding the SidE A 1 T 1 didomain (codons 1 to 638) was synthesized (GenScript) as a gene optimized for E. coli codon usage. The gene was inserted via the BamHI and HindIII sites into expression vector pRSETb to create plasmid pWS2. The portion encoding the 660-amino-acid (aa) A 2 T 2 didomain (codons 1028 to 1687) was amplified by PCR from genomic DNA, using oligonucleotide primers sidE-F2 and sidE-R2 (see Table S2 in the supplemental material), which introduced BamHI and HindIII sites, respectively. The reaction mixture (100 l) consisted of 2 mM MgSO 4 , 0.2 mM (each) deoxynucleoside triphosphate (dNTP), 20 pmol (each) primer, and 2.5 U Pfu DNA polymerase. The reaction was performed using the following thermocycling parameters: 90 s at 95°C; 32 cycles of 95°C for 30 s, 61°C for 30 s, and 72°C for 4 min; and a terminal hold for 5 min at 72°C. To create expression plasmid pWS4, this PCR product was ligated to the BamHI and HindIII sites of pRSETb. The full-length sidE gene (see Table  S3 in the supplemental material) was reconstituted by consecutively combining gene portions as follows: (i) a 1.4-kb XhoI-HindIII PCR fragment was inserted into pWS2 to yield pWS22; (ii) the BstBI-HindIII fragment of pWS4, inserted into pWS22, yielded pWS223; and (iii) a synthetic, codon-optimized 1,559-bp fragment was restricted with PstI and HindIII and inserted into pWS223 to yield expression plasmid pWSE. It carries the complete 6,330-bp sidE reading frame (see Fig. S1 in the supplemental material).
Enzyme characterization. Gene expression was accomplished in E. coli BL21(DE3) transformed with plasmids pWS2 and pWS4, respectively, to heterologously produce SidE A 1 T 1 and A 2 T 2 didomains, or with pWSE to produce the complete enzyme, as N-terminally hexahistidine-tagged fusion proteins. Transformed strains were grown in LB broth, induced with 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 48 h (24 h for didomain proteins) at 16°C, and shaken at 180 rpm. Proteins were purified by metal affinity chromatography using nickel-nitrilotriacetic acid (Ni-NTA) (Qiagen), and the procedure was carried out according to the manufacturer's manual. The enzymes were desalted on PD-10 columns (GE Healthcare) equilibrated with the corresponding respective assay buffers (below). Protein concentrations were determined by Bradford's method (19) .
The ATP-[ 32 P]pyrophosphate exchange assay was used to characterize the substrate specificities of both SidE adenylation domains. All reactions were run in triplicate and in a total volume of 100 l at 37°C using 100 mM Tris-HCl buffer (pH 7.5); reaction mixtures included 5 mM MgCl 2 , 5 mM ATP, 100 nM purified truncated SidE A 1 T 1 or A 2 T 2 didomain proteins, 0.1 mM [
32 P]pyrophosphate, and 1 mM fumarate or L-alanine (or other substrates). The reactions proceeded for 30 min as described previously (20) . The tested substrates included the 20 proteinogenic L-amino acids and L-ornithine, pyruvic acid, oxaloacetic acid, ␣-ketoglutaric acid, phenylpyruvic acid, 4-hydroxyphenylpyruvic acid, indolyl-3-pyruvic acid, oxalic acid, malonic acid, succinic acid, fumaric acid, maleic acid, tartaric acid, citric acid, benzoic acid, 4-hydroxybenzoic acid, salicylic acid, and 2,3-dihydroxybenzoic acid.
Product formation in vitro. apo-SidE was converted to the holo-form by the use of A. nidulans NpgA 4=-phosphopantetheinyltransferase as described previously (21) . Product formation was accomplished with 200 nM holo-SidE in a reaction mixture consisting of phosphate buffer (60 mM, pH 7. Chemical analysis. Analysis of FA was performed on a Thermo Accela instrument (for liquid chromatography [LC]) coupled to an Exactive orbitrap spectrometer (for high-resolution mass spectrometry [HRMS]) in negative mode using electrospray ionization and equipped with a C 18 column (Grom-Sil 100 ODS-0 AB) (3-m particle diameter; 250 by 4.6 mm). The LC solvents were 0.1% formic acid in water (solvent A) and acetonitrile (solvent B). After an initial hold at 5% solvent B for 1 min, a linear gradient up to 98% solvent B within 15 min was run at a flow rate of 0.9 ml/min. To detect FA in A. fumigatus cultures, wild-type (wt), ⌬sidE, and sidE complementation (sidE C ) strains were grown in 1 liter of glucose minimal medium. The medium was inoculated with 4 ϫ 10 5 conidia/ml and incubated for 18 h at 37°C and then shifted to 50°C for heat stress for another 12 h at 180 rpm. The mycelia were removed by filtration. The supernatant was acidified to pH 1 and extracted three times with ethyl acetate. The organic phases were combined, concentrated in vacuo to 25 ml, and treated with an equal volume of saturated NaHCO 3 solution. The aqueous phase was reacidified, extracted with ethyl acetate which was evaporated to dryness, dissolved in methanol, and used for liquid chromatography-mass spectrometry (LC-MS). Characterization and quantification of extracellular and intracellular siderophores were performed by reversed-phase high-performance LC (HPLC) as described previously (22) .
Preparation of fumaryl-L-alanine. Fumaryl-L-alanine was synthesized following a published protocol (23) . In brief, fumaric acid chloride monoethyl ester (1 g) was added dropwise to an aqueous solution (3.5 ml) of L-alanine (0.5 g) and sodium bicarbonate (0.5 g) on ice. The stirred reaction mixture was kept at pH 7.5 by adding NaOH (1 mM). After being washed with chloroform, the product was extracted with ethyl acetate at pH 2 and crystallized from ethyl acetate at 4°C. Phylogenetic analysis. Sequence alignments were performed by the MUSCLE alignment algorithm (24) implemented in Mega5 software (25) . The alignment was subjected to Bayesian phylogenetic analysis using MrBayes, program version 3.2 (26) . The amino acid model with integration over a predetermined set of fixed-rate matrices (aamodelpr ϭ mixed) was chosen as the evolutionary model. Two parallel chains were run until the average standard deviation of split frequencies reached 0.01. The resulting consensus tree was visualized in FigTree, developed by Andrew Rambaut and coworkers (http://tree.bio.ed.ac.uk/software/figtree/).
Nucleotide sequence accession number. The sequence of the complete 6,330-bp sidE reading frame has been deposited with GenBank under accession number KF544915.
RESULTS AND DISCUSSION
Genetic characterization of sidE. The A. fumigatus gene sidE (Afu3g03350) encodes a 2,109-aa bimodular NRPS, which features the domain arrangement A 1 -T 1 -C 1 -A 2 -T 2 -C 2 . The gene is located in close proximity to the biosynthetic genes for fusarinine siderophores (Fig. 1) . To clarify the possible function of sidE, it was inactivated by replacing the region encoding amino acids 437 to 1332 by the hygromycin resistance marker gene. Accurate genetic manipulation was verified by Southern analysis of the A. fumigatus wild-type (wt) and ⌬sidE strains (see Fig. S3 in the supplemental material). The ⌬sidE and wt strains were grown for 24 h under iron-depleted conditions. The HPLC analysis of ⌬sidE culture supernatants and extracts showed normal amounts of extracellular triacetylfusarinine C and fusarinine C and of intracellular ferricrocin, respectively (see Fig. S4 ).
These findings pointed away from a role of SidE for siderophore biosynthesis and prompted us to reinvestigate sidE expression by Northern analysis in greater detail. As reported previously (13, 27) , expression of sidE is somewhat upregulated by (i) iron starvation in comparison to iron-replete conditions (10 M FeSO 4 ) and (ii) under high-iron conditions (1.5 mM FeSO 4 ; Fig.  2 ). Since excessive amounts of iron result in oxidative stress, we hypothesized that sidE expression may be responsive to oxidizing agents. To address this issue, A. fumigatus was grown in irondepleted and iron-replete medium as well as under high-iron conditions. The cultures were then separately exposed either to heat stress (48°C) or to oxidative stress (2 mM H 2 O 2 ) for 2 h. Both types of stress resulted in a significant induction of sidE expression (Fig. 2) . While heat shock induced sidE expression in both the presence and the absence of iron, H 2 O 2 -mediated stimulation required the presence of iron.
In silico prediction of substrate specificity. Crystallography and biochemical evidence have established 10 key amino acid residues within the primary amino acid sequence of A domains that govern substrate selection (28) (29) (30) . This set of signature residues, at times referred to as nonribosomal code, helps anticipate NRPS substrates and, thus, predict (partial) structures of the final NRPS product. NRPSpredictor2 (31) software was used to analyze the SidE adenylation domains and to extract the individual nonribosomal specificity signatures. NRPSpredictor2 identified the key amino acid residues as S-A-R-G-T-V-S-Q-L-K, which is an unprecedented result, and yet the residues were predicted to represent substrates related to hydroxybenzoic acid by this software. The first position/residue within the code (32) is particularly indicative of the general type of substrate ( Fig. 1 ): in the case of an amino acid substrate, the first position is occupied by aspartic acid, which was shown to stabilize the ␣-amino group of the substrate, whereas an asparagine reflects selectivity for an aryl acid substrate (30) . Distinctive specificity signatures for aromatic ␣-keto acids (valine and alanine at positions 1 and 2) and anthranilic acid (a glycine residue at positions 1 and 8) have been verified, too (33, 34) . Thus, the presence of a serine in code position 1 of the SidE A 1 domain pointed to a non-amino-acid substrate. The A 2 domain showed the signature D-V-Y-F-T-G-G-V-L-K, which may reflect an aliphatic, hydrophobic side-chain substrate. 
Biochemical characterization of SidE substrate specificities.
For a more profound insight into the substrates of SidE, we turned to heterologous production of the A 1 -T 1 didomain (72.8 kDa, 671 aa) and A 2 -T 2 didomain (75.7 kDa, 693 aa) as N-terminal hexahistidine fusion proteins in E. coli BL21(DE3). The respective coding sequences were cloned into expression vector pRSETb. The produced apo proteins were subsequently profiled with regard to their specificities by examining the substrate-dependent exchange of the radiolabel from [
32 P]pyrophosphate (PP i ) to ATP. The substrates tested included L-amino acids, ␣-keto acids, and aryl as well as di-and tricarboxylic acids, covering a total of 38 potential substrates. Intriguingly, the A 1 domain displayed a marked preference for four-carbon dicarboxylic acids (Fig. 3) : fumaric acid was adenylated best (ca. 401,000 cpm). Succinic acid and maleic acid were turned over to a lesser degree (109,000 and 114,000 cpm, respectively), while the tested dicarboxylic acids with carbon chains shorter or longer than C4 failed to serve as substrates (Ͻ10,000 cpm). When the A 2 domain was tested with the same substrates as A 1 , L-alanine turned out to be the preferred substrate. Additionally, we included D-alanine and ␤-alanine, as the latter two occur, too, as monomers of microbial metabolites, e.g., bleomycin and cyclosporine, respectively (Fig. 3) . When L-alanine turnover was set at 100%, glycine, L-valine, and D-alanine showed levels of 28%, 16%, and 11%, respectively. All other compounds resulted in Ͻ10% ATP-PP i radiolabel exchange.
In vitro fumaryl-L-alanine formation. Intriguingly, fumaryl-L-alanine (FA, Fig. 4) , a natural product composed of the preferred SidE substrates, has previously been isolated from Aspergillus indicus (35) and, as a racemic compound, from Penicillium resticulosum (36) . Consequently, we heterologously produced hexahistidine-tagged full-length enzyme (237.0 kDa, 2,142 aa; see Fig. S5 in the supplemental material) and the A. nidulans phosphopantetheinyltransferase NpgA to convert the apo protein into holo-SidE. It was then incubated with L-alanine and fumaric acid, with each substrate added to reach a 1 mM final concentration. Product formation was monitored by LC-high-resolution electrospray ionization-mass spectrometry (LC-HRESIMS) and revealed a signal whose (i) retention time (6.5 min), (ii) accurate mass (m/z 186.0407 [M-H] Ϫ ), (iii) mass fragmentation pattern (Fig. 4) , and (iv) UV light-visible light (UV/Vis) spectrum ( max ϭ 218 nm) were identical to those of synthetic FA. The found mass is in agreement with the theoretical mass for FA (m/z 186.0402 for C 7 H 8 NO 5 ). The product formation assay was performed in parallel with fumaric acid and 15 N-L-alanine as substrates. Consistent with the expected activity and the isotope-labeled amino acid substrate, a signal of m/z 187.0378 [M-H] Ϫ for C 7 H 8 [ 15 N]O 5 was detected, which is perfectly consistent with the theoretical mass. The FA signal was absent in a control reaction to which ATP had not been added (Fig. 4) . Apparently, the SidE reaction terminates in hydrolytic release of a linear product, which contrasts with the function of other terminal C domains as cyclizing enzymes (37) .
Identification of A. fumigatus as an FA producer. To test whether FA is a natural product of A. fumigatus, the metabolite profiles of A. fumigatus wt, ⌬sidE, and sidE C strains were reexamined under inducing conditions (heat stress, 50°C). Given the low pK a of FA, the pH of the culture supernatant was adjusted to pH 1 before extraction of the metabolites. The extracts were used for LC-MS measurements. We detected FA in the wt extracts (Fig. 4) , and in accordance with our in vitro data, dramatically decreased production of FA by the ⌬sidE strain was found. Trace amounts of FA remained detectable by LC-MS. As A. fumigatus codes for a SidE paralog (NPS7), these traces could be derived from the activity of the latter. This would imply a redundantly encoded biosynthesis, as recently described for Aspergillus flavus piperazines (38) . The complementation strain produced even larger amounts of FA than the wt strain, most likely because of sidE overexpression. These results clearly demonstrate that sidE is involved in FA production in vivo.
Very little precedence for enzymatic fumaric acid adenylation in secondary metabolism exists, and such evidence as exists includes DdaG (39), a bacterial coenzyme A (CoA)-ligase-type enzyme for dapdiamide biosynthesis in Pantoea agglomerans. SidE contrasts with this enzyme in that the particular adenylating activity resides within a multidomain NRPS. Therefore, this work may help relate multiple uncharacterized fungal NRPSs to such secondary metabolites that feature a fumarate moiety. It should be noted that fumaric acid represents a building block in other fungal peptidic natural products; among those are the sorbicillactones of a marine Penicillium chrysogenum strain (40) , xylariamide A of a Xylaria species (41) , and the thrombine inhibitor Ro09-1679 (fumaryl-L-arginyl-L-leucyl-arginal, isolated from Mortierella alpina; 42). Strikingly, the sorbicillactones from Penicillium chrysogenum Table S4 in the supplemental material). Furthermore, A domains of ferrichrome-type siderophore NRPSs from A. nidulans, Ustilago maydis, and Schizosaccharomyces pombe (SidC, Sid2, Sib1) were added. The resulting phylogenetic tree (Fig. 5) showed that each adenylation domain of SidE-type bimodular NRPSs belongs to a distinct clade and that both A 1 and A 2 follow a consistent phylogeny, suggesting that they share a didomain ancestor. Intriguingly, each clade further branches into two paralogous lineages, exemplified by SidE and NPS7 (XP754097) in A. fumigatus. These have most likely evolved by intragenomic duplication of the ancestral bimodular NRPS. The function of enzymes that belong to the NPS7 lineage is still obscure, and future studies are warranted to clarify their function.
Possible biological role of SidE homologs. As demonstrated, SidE-type synthetases represent a conserved class of enzymes whose genes are encoded in various fungi. We interpret the presence of these enzymes as representing a selective advantage for these species. At present, the biological function of fumaryl-L-alanine is elusive. As reported before, fumaryl-L-alanine showed neither antibacterial nor antifungal activity (36) . Furthermore, we could not detect any cytotoxic effects on THP-1 human monocytic cells (see Fig. S6 in the supplemental material). However, fumarate derivatives have been successfully used for decades to treat psoriasis (43) . Notably, fumaric acid amides, including fumaryl-L-alanine, are covered by patents and have been discussed for use as possible treatments for medical indications similar to those treated with the established fumaric acid mono-and dimethyl esters, i.e., psoriasis and various autoimmune diseases such as multiple sclerosis (44) . The possibility that FA production could result in local immunosuppression is highly intriguing and may relate to A. fumigatus infection biology. Therefore, we are positive that our results will help to further understanding of this pathogen and to inspire future work to determine its function in the host-pathogen interaction. Table S4 in the supplemental material for accession numbers and other details.
